In this article, seepage phenomena through the Karstic limestone foundation of Behesht Abad dam are investigated. In order to get a state of seepage and determine the depth of grouting curtain, it has been tried to evaluate the seepage of Behesht-Abad dam foundation and its abutments by the help of numerical analysis and UDEC 4.0 software. To perform this research, firstly, geological data during a study phase in Behesht Abad dam site was gathered, and then different methods have been used to calculate the engineering properties of rock mass. Therefore the structural model of dam foundation based on the geological data constructed and various boundary conditions including different heads were applied on the model and the suitable depth for the grouting curtain was proposed.
Introduction
Dams are such structures that constructed to control and store surface water. The main reasons for constructing of Behesht-Abad Dam are the existence of important Industries in the Zayandeh Rood basin, growing population in this area and growing the need of water in central part of Iran. So, transferring water from a part of Karoon basin (Behesht-Abad region) to the center of Iran has been proposed. In each dam construction project, seepage analysis in foundation and abutments for designing the suitable curtain is one of the most important parts of projects. The most common method to evaluate the permeability of rock mass is water pressure tests. By help of this method, permeability of foundation and abutments, hydro-mechanical behaviors and the seepage potential has been examined. The performed water pressure tests indicate the necessity of providing a grout curtain below the Behesht Abad dam foundation.
In this regard, Lugeon values and also the hydro-mechanical behavior of investigation boreholes are calculated and their frequencies in each part have been assigned. The situation of investigation boreholes are shown in Figure 1 .
Numerical analysis methods have been using in engineering projects for a long time, but using of these methods for seepage analysis of rock mass isn't that much old. UDEC has the capability to perform the analysis of fluid flow through the fractures of a system of impermeable blocks. A fully coupled mechanical-hydraulic analysis is performed, in which fracture conductivity is dependent on mechanical deformation and, conversely, joint water pressures affect the mechanical computations. Both confined flow and flow with a free surface can be modeled in UDEC. In these methods, structural model of dam and its foundation based on geological Data is designed in the software, and then seepage and fluid flow through rock joints are studied, by implementation of different water pressure behind dam.
Among all available software, UDEC is a two-dimensional software which is designed based on distinct element methods and is used for discontinuous environments modeling. UDEC was originally developed to perform stability analysis of jointed rock slopes. This software modelizes the discontinuous environments like jointed rock in static and dynamic situations. It's capable of analysis the fluid flow from joint sets and cracks of impermeable blocks system. These analyses are the hydraulic ones. It means that the hydraulic conductivity of joints directly depends on mechanical deformations, and vice versa the water pressure of joints affects the mechanical calculations.
UDEC is based upon a command-driven format. Word commands control the operations of the program. This is an important distinction. The command-driven structure allows UDEC to be a very versatile tool for use in engineering analysis. However, this structure can present difficulties for new or occasional users. There are over 65 main commands and nearly 400 command modifiers (called keywords) which are recognized by UDEC [1] .
Problem Solving with UDEC
In order to set up a model to run a simulation with UDEC, three fundamental components of a problem must be specified:
1) A distinct-element model block with cuts to create problem geometry;
2) Constitutive behavior and material properties; and 3) Boundary and initial conditions. The block model defines the geometry of the problem. The constitutive behavior and associated material properties dictate the type of response the model will display upon disturbance (e.g., deformational response due to excavation). Boundary and initial conditions define the insitu state (i.e., the condition before a change or disturbance in problem state is introduced). After these conditions are defined in UDEC, an alteration is made (e.g., excavate material or change boundary conditions), and the resulting response of the model is calculated [1, 2] . The following processes must be done for required dissolution:
Model Generation
UDEC is different from conventional numerical programs. The geometrical model is created, and then the single block is cut into smaller blocks whose boundaries represent both geologic features and engineered structures in the model. Block boundaries must also be defined to adapt in boundary shapes of the physical problem. As a result, the main block with 800 meters length and 505 meters width is created. This block is broken based on imaginary shape of dam. The body of twoarched concrete dam is created in the model which is 205 m height and 35 m width. In order to perform a permeability analysis of rock foundation, a section is established vertically to dam axis, which is shown in One of the most significant stages analysis is choosing the geometry of discontinuities. The main block of foundation is divided into smaller ones, when geometrical characteristics of each joint set such as slope, slope direction, situation, distances between joints and sometimes the gaps between them are used. Geometrical characteristics and directing of joints are based on field operation. Abutments of dam are affected by many joints and faults (Figure 3) .
Joints which were found re that the joints are not just on the surface and their traces are seen on the check holes. Finally, three joint sets with bedding and major faults are applied in software in a perpendicular section to dam axis. Discontinuities contour is illustrated in Figure 4 .
Once all block cutting is complete, ma models must be assigned for all the blocks and discontinuities in the model. By default, all blocks are rigid. In most analyses, blocks should be made deformable. Only for cases in which stress levels are very low or the intact material possesses high strength and low deformability can the rigid block assumption be applied.
One of the most obvious reasons to incl rmability in a distinct element analysis is the requirement to represent the "Poisson's ratio effect" of a confined rock mass. Rock mechanics problems are usually very sensitive to the Poisson's ratio chosen for a rock mass.
This nsitive: their failure criteria are functions of the confining stress (e.g., the Mohr-Coulomb criterion). Capturing the true Poisson behavior of a jointed rock mass is critical for meaningful numerical modeling. The effective Poisson's ratio of a rock mass is comprised of two parts: 1) a component due to the jointing, and 2) a component due to the elastic properties of the intact rock. Except at shallow depths or low confining stress levels, the compressibility of the intact rock makes a large contribution to the compressibility of a rock mass as a whole. Thus, the Poisson's ratio of the intact rock has a significant effect on the Poisson's ratio of a jointed rock mass.
The selection of properties is often the most difficult element in the generation of a model because of the high uncertainty in the property database. It should be kept in mind when performing an analysis, especially in geomesystem; the field data will never be known completely. However, with the appropriate selection of properties based upon the available database, important insight to the physical problem can still be achieved [1, 3] . Now, the material behavior models are assigned for both blocks and discontinuities in the model.
The Behavioral Model of Intact R
that yield when subjected to shear loading, bu stress depends on the major and minor principal stresses only; the intermediate principal stress has no effect on yield [2] .
For the Mohr-Coulomb plasticity model in UDEC, the required p odulus, friction angle, cohesion, dilation angle and tensile strength of rock mass. In UDEC, laboratory measured parameters shouldn't directly be used in full scale. The existence of discontinuities reflects the real situation in the model but, some factors such as joints and tiny fractures should be considered in the rock mass [1, 2] .
Based on geological studies, dam foundation is made of dolomitic limestone, which its samples were used ree-axial compressive tests. According to this, first, by the help of results of compressive tests done on the digging core samples, it has been tried to estimate the 
ss shear modulus, G r = intact ro oint shear stiffness. derived for two-and th nd multiple joint se be found in Si a by the help of different classifications of rock mass such as Q, RMR, GSI and the failure criteria, the parameters of rock mass were estimated. The selected GSI for rock mass was 45 -55, in spite of this matter that the resistance of rock mass is reduced after filling the reservoir with water, GSI = 50 was considered. On the other hand, the results of triaxial tests on saturated samples were used. The whole related processes were done by the Roclab software designed by Hoak. Thus the details of triaxial tests (σ 1 , σ 3 ) on the selected samples were applied in Roclab software and (m i , σ ci , σ cm ) were gained. The results are listed in Table 1 .
The Behavioral Model
In addition to block material models, a cons model must also be assigned to all discontinuities in the model. The behavioral model of discontinuities shows the physical reaction of rock joints. The sufficient model for most analysis is the (elastic-perfectly plastic) coulomb slip model, which is assigned to discontinuities with the commands. This model is the most applicable model for the usual engineering studies, and the cohesion and friction angle which are needed in this model, often are more available than other joint properties. If coulomb slip model is used for simulating the discontinuities behavior, the following properties will be used: Friction angle of joint, cohesion of joint surface, dilation angle, tensile strength, normal stiffness and shear stiffness [1, 2] .
Joint properties are conventionally derived from labotory testing (e.g., triaxial and direct shear tests). Joint resistance parameters; cohesion = 0.247 Mpa and friction angle of joint surface = 31 º were estimated by the help of direct shear tests along the joints in the laboratory. Joints were almost without filling and occasionally stained with Ferro oxide. Values for normal and shear stiffnesses for MPa/m for joints with soft clay in-filling to over 100 GPa/m for tight joints in granite and basalt. Published data on stiffness properties for rock joints are limited; summaries of data can be found in Kulhawy (1975) , Rosso (1976), and Bandis et al. (1983) .
Approximate stiffness values can be back-calculated from information on the deformability and joint structure in the jointed rock mass and the deform ct rock. If the jointed rock mass is assumed to have the same deformational response as an equivalent elastic continuum, then relations can be derived between jointed rock properties and equivalent continuum properties.
For uniaxial loading of rock containing a single set of uniformly-spaced joints oriented normal to the direction of loading, the following relation applies [4] : Figure 5 .
For this purpose, the slope of shear stress-displacement curves were o al stresses, were used and k s of joints were calculated in each normal stress. Figure 6 shows the changes of k s versus the changes of normal stress in direct shear tests along the joints. Totally, the amounts of k s increase linear with the raise of normal stress on the joint. Then, conesquently k s increases with depth. Therefore, the amounts of k s of each joint sets in each depth were evaluated and implemented with special command in UDEC. By increasing the depth, shear stiffness rises so that in high level of stresses in high depth, shear stiffness reaches point that reflects the properties of intact rock.
There is another non-linear joint model in UDEC, which directly utilizes index properties from st results, which is Barton-Bandis joint model. A series of empirical relations has been developed by Drs. Nick Barton and Stavros Bandis to describe the effects of surface roughness on discontinuity deformation and strength. These relations, known collectively as the Barton-Bandis joint model, have been implemented into UDEC. This model is a non-linear joint model that directly utilizes index properties from laboratory test results relating joint shear stress to shear and normal displacement on joints. A complete explanation of these relations can be obtained from Barton (1982) and Bandis et al. (1985) [5] . Therefore, the index properties from laboratory test results, especially the effects of surface roughness on discontinuity deformation, are directly implemented in the software.
Boun
The boundary conditions in a n the values of field variables e.g. stres ments, which are prescribed at the boundary of the model Artificial boundaries do not exist in reality, but they must be introduced in order to enclose the chosen number of elements (i.e. blocks). By default, the boundaries of a UDEC model are free of stress and any constraint. Forces or stresses may be applied to any boundary, or part of a boundary, by means of the commands [1] .
In-Situ Stresses Conditions
In all civil or mining engineering, there is an in-situ state of stress in the ground before any excavation or construction is started. By setting initial con UDEC model, an attempt is made to situ state, because it can influence th vior of the model. Ideally, information about the initial state comes from field measurements but when these are not available, the model can be run for a range of possible conditions.
In a uniform layer of soil or rock with a free surface, the vertical stresses are usually equal to ɡρz, where ɡ is the gravitational acceleration, ρ is the mass density of the material, and z is the depth below surface. However, the in-situ horizontal m fficu at ere is a common belief that there is some natural ratio between horizontal and vertical stress, given by K = ν/1 − ν, where ν is the Poisson's ratio. This formula is derived from the assumption that gravity is suddenly applied to an elastic mass of material in which lateral movement is prevented. This condition hardly ever applies in practice due to repeated tectonic movements, material failure, overburden removal and locked-in stresses due to faulting and localization [6] .
The amounts of K by Hoak & Brown (1978) and Sheory (1994) equations are calculated for the valley of dam site and are applied averagely to the model in each depth. However, a set of stresses is installed in the model and then UDEC is run until an equilib ined.
Loading and Fluid Flow Modeling
Following stage is loading and fluid flow modeling. The main purpose of this stage, is the simulating the different construc As a consequence of engineering works in a rock mass, deformation of both the joints and intact rock will o atrix, most deformation occurs in the joints, in the form of normal and shear displacement. If the joints are rough, deformations will also change the joint aperture and fluid flow.
In a rock mass, mechanical deformations will mainly occur as normal and/or shear deformations in the joints. This d upling the mechanical aperture changes to the hydraulic aperture changes, a hydro-mechanical coupling is achieved [1, 7, 8] .
Fluid flow through a porous medium such as many soils and sedimentary rocks can be described by Darcy's law (1-D flow): ) where Q is the volumetric flow per unit area A, the flow. Q is thus related to the dimensionless hydraulic gradient i, in the direction of the flow and to the hydraulic conductivity K. The latter is a material property of both the fluid a geological medium and may be
where k is the intrinsic permeability, ɡ is the acceleration due to gravity (9.81 m/s 2 ), µ is the dynamic viscosity of the fluid (1 × 10 −3 Ns/m 2 for pure water at 20˚C) and ρ is the fluid density (998 kg/m 3 for pure water at 20˚C). For fluid fl h rock joints, it is common to composed of two smooth parallel plates and the flow to be steady, single phase, laminar and incompressible. Under these conditions, the hydraulic joint conductivity (K j ) may be written:
where ν is the kinematic viscosity of the fluid (1 × 10 −6 m 2 /s for pure water at 20˚C) and e is the hydraulic aperture. The hydraulic joint conductivity is a rough the joint under the influence of rtuosity and channel-ling; these facometry of the flow channels and the fluid viscosity. Assuming that Darcy's law can also be applied to flow in rock joints, setting A = ew, we obtain
where i is the dimensionless hydraulic gradient and w is the breadth of the flowing zone between the parallel plates. This equation is usually called the "cubic law". One must keep in mind that Equation (7) is derived for an "open" channel, i.e. the planar surfaces remain parallel and are thus n
mples or by visual comparison of measured roughness profiles fr se phases. In the first phase, w ot in contact at any point. Traditionally, fluid flow through rock joints has been described by the cubic law, which follows the assumption that the joints consist of two smooth, parallel plates. Real rock joints, however, have rough walls and variable aperture, as well as asperity areas where the two opposing surfaces of the joint walls are in contact with each other. Joint permeability is completely dependent on joint aperture (because of the third power of joint hydraulic aperture in cubic law). According to this, apertures can generally be defined as mechanical (E) and hydraulic (e) apertures.
The mechanical joint aperture (E) is defined as the average point-to-point distance between two rock joint surfaces. Often, a single, average value is used to define the aperture. The aperture distribution of a joint is only valid at a certain state of rock stress and pore pressure.
If the effective stress or the lateral position between the surfaces changes, as during shearing, the aperture distribution will also be changed. The hydraulic aperture (e) can be determined both from laboratory fluid flow experiments and bore-hole pump tests in the field. Due to the effects of roughness and tortuosity of flow, the fracture conductivity in Witherspoon (1980) experiments, was reduced by a factor between 1.04 and 1.65. Results by Hakami showed that the ratio between mechanical mean aperture (E) and hydraulic aperture (e) was 1.1 -1.7 for joints with a mean aperture of 100 -500 mm.
On the basis of experimental data, Barton et al. (1985) proposed an empirical formula that gives the hydraulic aperture (to be used in cubic law) as a function of the mechanical aperture and joint roughness coefficient (JRC).
One should note that this equation is only valid for E ≥ e. The JRC coefficient describes the peak roughness of correlated, mated surfaces, and can be estimated either by correctly designed tilt, push or pull tests on jointed rock sa om the joint surface with a standard t of profiles. The latter is obviously slightly objective, during shearing; this regular exponential behavior appears to break down. Under an increasing shear displacement the joint dilates and both the hydraulic and the mechanical aperture increase.
Then Olsson and Barton (2001) proposed an improved model on the basis of the performed hydro-mechanical shear tests. It is an empirical engineering model and not a theoretical scientific model. As shear tests on rough rock joints are composed of at least two major parts, pre peakpeak and post-peak, depends on shear displacement. The model considers these two basic here the joint wall roughness is not destroyed, the peak JRC should be used in Equation (8) and hydraulic aperture (e) can be calculated by Equation (8) 
In the second phase, where the geometry of the joint walls is changing with increasing shear displacement, the JRC mob (mobilized value of JRC) should be used. Hydraulic aperture (e) can be calculated by Equation (9) 
During this phase, gouge is being produced but as the joint is dilating, some of the gouge is probably flushed to the sides of developing flow channels. Based on normal loading/unloading, during increased normal stress, the hydraulic aperture (e) decreases, which causes an increase in E/e due to tortuosity. In the first part of each plotted shea E/ damaged under the increasing shear deformatio shear behavior, during r path in Figure 7 , the e ratio is first slightly decreasing and thereafter increasing.
This initial part in this figure belongs to the pre peakpeak shear displacement. When the asperities along the joint walls are not destroyed and the hydraulic aperture is probably decreasing due to shear-related closing of small voids. Thereafter the geometry of the joint walls is in a changing phase (breakdown) where the asperities get worn and n. The size of roughnesses decrease in JRC mob depends Figure 7 . Curves relating the hydraulic aperture e and the ratio E = e for both normal and shear behavior.
on the strength of the asperities, on the applied normal load and on the shear deformation. Furthermore new flow paths open and others close due to the increasing areas of contact between the joint walls and due to gouge production. The gouge production will probably decrease the hydraulic aperture. So, the increase in E/e during shearing depends not on the same phenomena as during normal loading and unloading [8] [9] [10] . Figure 8 illustrates the changes of joints mechanical aperture versus the changes of normal stress in shear tests along the joints. As it's illustrated in Figure 8 , with increasing normal stress on the joints, the mechanical aperture of joints decreases. Consequently hydraulic aperture and finally joint permeability reduce too. Based on this, it's concluded that with increasing depth, the apertures decrease and as a result, joint permeability reduces.
he UDECparameters should th of each joint set [8] .
For this reason, the initial mechanical aperture of joints was measured 1 -2 mm, E o = 2 mm was selected and related calculations were done and the hydraulic conductivity of each joint set was evaluated. The results of calculating the mechanical and hydraulic apertures and hydraulic conductivity of each joint set are summarized in Table 2 .
Then, joint permeability factor, joint initial aperture in Zero normal stress and residual aperture must be defined based on particular commands for joint sets in software.
By setting the initial water table at free surface, the joint stresses will be calculated automatically to balance Hydro-mechanical shear tests have shown a widely used constitutive model that are included in t BB code and yields results that are most suitable for normal loading and unloading and for shear with limited damage or gouge production.
So, for calculating conductivity changes of rock joints during shearing, one has first to assume the initial JRC value and the initial mechanical aperture. Thereafter, one has to calculate the changes of the mechanical aperture and JRC mob during shearing. These en be used in Equations (8) and (9) to calculate the changes of the hydraulic aperture during shearing. Therefore, it is possible to calculate the hydraulic conductivity the block stresses and domain pressures. The main flowrelated variables such as pressures and flow rates along a joint may be printed and plotted with special commands, and then numerical or graphical outputs are available. Histories of flow rates may be recorded at a particular contact or domain, too.
Therefore fluid flow from each point beneath the dam is separately accessible through drawn graphs by software. One of these graphs is shown in Figure 9 .
With regarding in results of analysis, the seepage beneath the dam in full reservoir has a suitable situation and establishing a grout curtain with depth of 40 -50 m seems to be adequate. Also, in abutments by considering the lower pressure of water, seepage reaches to a suitable condition in lower depths. In order to show the effect of the direction of joints on seepage, an impermeable curtain is modelized beneath the dam dicate the existence of inclined c blocks. A fully coupled mechanical-hydraulic analysis is performed, in which fracture conductivity is dependent on mechanical deformation and, conversely, joint water pressures affect the mechanical computations. By the help of Data's obtained from numerical analysis, the seepage beneath dam foundation is estimated in full reservoir situation. With regarding in results of analysis, the seepage beneath the dam has a suitable situation and establishing a grout curtain with depth of 40 -50 m seems to be adequate. Also, in abutments by considering the lower pressure of water, seepage reaches to a suitable condition in lower depths.
